Introduction
Abstract A system to predict etching profiles was developed by combining the results obtained from on-wafer sensors and those obtained from computer simulations. We developed on-wafer UV, on-wafer charge-up, and on-wafer sheath shaped sensors. These sensors could measure plasma process conditions, such as UV irradiation, charge-up voltage in high aspect ratio structures, and ion sheath conditions at the plasma/surface interface on the sample stage. Then, the output of the sensors could be used for computer simulations. The system could predict anomalies in etching profiles around large scale 3D structures that distorted the ion sheath and its trajectory. It could also predict anomalies in etching profiles caused by charge accumulation in high-aspect ratio holes. Moreover, it could predict the distribution of UV-radiation damage in materials.
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Background
Our lives have changed since the invention of integrated circuits (ICs) that are presently incorporated into every major system from automobiles to washing machines and have become the basis of information technology. The IC industry has been expanded by shrinking the feature size of devices in ICs, since miniaturizing devices improves their performance and enables IC chips to contain many more transistors. The feature size of devices has been shrinking and has moved into the nanoscale regime due to Moore's law, which states that the number of transistors on an IC chip will double every 1.4 years.
ICs are fabricated on silicon wafers by repetitive film depositions, lithography, and etching. Plasma is widely used for film deposition and etching and plasma etching processes have particularly contributed to the miniaturization of devices by enabling exact pattern sizes to be transferred to underlayers. Plasma etching has S. Samukawa, Feature Profile Evolution in Plasma Processing Using On-wafer Monitoring System, SpringerBriefs in Applied Sciences and Technology, DOI: 10.1007/978-4-431-54795-2_1, Ó The Author(s) 2014 also been developed with progress in IC manufacturing to achieve high etch rates, selectivity, uniformity, and control of critical dimensions (CDs) with no damage due to radiation. However, plasma etching to fabricate today's nanoscale devices has become more challenging. The next-generation of nanoscale devices will require the pattern size after etching to be controlled on the atomic scale. Moreover, new innovative technologies have been introduced into these nanoscale devices, such as high-k dielectrics, Cu/low-k interconnects, and novel device structures (FinFETs), which make it more challenging to further develop plasma etching. These process technologies have recently been used to fabricate microelectromechanical systems and nanoelectromechanical systems (MEMS/NEMS). It is necessary to fabricate high aspect ratio structures and three-dimensional structures to produce these devices. This is a new challenge for plasma processes.
Plasma Etching
Plasma etching is a technology to etch materials with reactive radicals and ions from plasma. Figure 1 .1 has a schematic of plasma etching. Since ions can easily be accelerated and collimated, anisotropic and vertical etching is possible. This is one of the major advantages of plasma etching against wet etching where only isotropic etching is possible. Thus, plasma etching is a crucial technology to precisely transfer mask patterns to target materials.
Since parallel-plate reactive-ion etching (RIE) was developed in 1974, many plasma sources have been developed to improve etching characteristics. A crucial limiting feature of parallel-plate RIE is that the ion-bombarding flux and ionacceleration energy cannot be varied independently. Hence, the sheath voltages at the driven electrode are high for a reasonable ion flux, as well as for a reasonable dissociation of the feedstock gas. This can result in unwanted damage to substrates placed on the driven electrode, or lack of linewidth control. Furthermore, the combination of a low ion flux and high ion energy leads to a relatively narrow window for many process applications. The low process rates resulting from the limited ion flux in RIE often mandate multiwafer or batch processing, with a consequent loss of wafer-to-wafer reproducibility. Higher ion and neutral fluxes are generally required for single-wafer processing in a clustered tool environment, in which a single wafer is moved by a robot through a series of process chambers.
The limitations of parallel-plate RIE and its magnetically enhanced variants have led to the development of a new generation of low-pressure, high-density plasma sources. In addition to high-density and low-pressure, a common feature is that the rf or microwave power is coupled to the plasma across a dielectric window, rather than by direct connection to an electrode in the plasma as in parallelplate RIE. This noncapacitive electrode power transfer is the key to achieving low voltages across all plasma sheaths at the electrode and wall surfaces. The dc voltages, and hence the ion-acceleration energies, are then typically 20-30 V at all surfaces. The electrode on which the substrate is placed can be independently 2 1 Introduction driven by a capacitively coupled rf source to control the ion energy. Hence, it is possible to independently control ion/radical fluxes and ion-bombarding energies. Recent ultra-large-scale integration (ULSI) production processes have involved the fabrication of sub-22-nm patterns on Si wafers. High-density plasma sources, such as inductively coupled plasma (ICP) and electron-cyclotron-resonance (ECR) plasma, are key technologies for developing precise etching processes. However, these technologies create several types of radiation damage caused by the charge build-up of positive ions and electrons [1] [2] [3] [4] or radiation from ultraviolet (UV), vacuum ultraviolet (VUV), and x-ray photons [5] [6] [7] [8] [9] [10] [11] [12] during etching. Voltages generated by the charge build-up distort ion trajectories and cause thin gate oxide films to break, etching to stop, and the etching rate to depend on patterns. Additionally, high-density crystal defects are generated by UV or VUV photons radiating from the plasma to the etching surface. These serious problems must be overcome in the fabrication of future nanoscale devices as they strongly degrade the electrical characteristics of the devices and increase critical dimension losses in the etching processes. In short, sub-10-nm devices require defect-free and charge-free atomic layer etching processes.
On-wafer-Monitoring Technique
Process monitoring of wafer positions is needed to attain nanometer-order etching processes. We propose a concept of ''on-wafer monitoring'', which measures the kinds and energies of active species such as ions, neutrals, radicals, and photons. Conventional monitoring techniques such as Langmuir probes, quadrupole mass spectrometry, laser spectrometry, and visible/UV spectrometry suffer from various problems such as the (1) necessity for large-scale equipment, (2) disturbed plasma, (3) difficulty of measuring real processes, and (4) not being able to measure on the wafer where the processes occur. We fabricated various sensors using semiconductor microfabrication techniques to solve these problems. We developed an onwafer UV sensor to measure UV irradiation from plasma, an on-wafer charge-up sensor to measure charge-up potential across high-aspect-ratio structures under plasma irradiation, and an on-wafer sheath shape sensor to measure sheath potential and thickness. Active species and their spatial distribution could be easily monitored in situ with these sensors. We could identify the surface reactions from the measured data. We could also predict process damage distributions and monitor feature profile evolution by combining on-wafer monitoring and computer simulations.
On-wafer UV Sensor and Prediction of UV Irradiation Damage
Abstract UV radiation during plasma processing affects the surface of materials. Nevertheless, the interaction of UV photons with surface is not clearly understood because of the difficulty in monitoring photons during plasma processing. For this purpose, we have previously proposed an on-wafer monitoring technique for UV photons. For this study, using the combination of this on-wafer monitoring technique and a neural network, we established a relationship between the data obtained from the on-wafer monitoring technique and UV spectra. Also, we obtained absolute intensities of UV radiation by calibrating arbitrary units of UV intensity with a 126 nm excimer lamp. As a result, UV spectra and their absolute intensities could be predicted with the on-wafer monitoring. Furthermore, we developed a prediction system with the on-wafer monitoring technique to simulate UV-radiation damage in dielectric films during plasma etching. UV-induced damage in SiOC films was predicted in this study. Our prediction results of damage in SiOC films shows that UV spectra and their absolute intensities are the key cause of damage in SiOC films. In addition, UV-radiation damage in SiOC films strongly depends on the geometry of the etching structure. The on-wafer monitoring technique should be useful in understanding the interaction of UV radiation with surface and in optimizing plasma processing by controlling UV radiation.
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Introduction
Plasma processes are essential in the fabrication of ultra-large-scale-integrated circuits. There are many activated species in plasma, such as charged particles, radicals, and photons. Etching and deposition processes can be achieved with these activated species. It is important to understand the interaction between plasma and [2, 3] . Moreover, since these photons can dissociate chemical bonds in sensitive materials, such as low-k dielectric films, ArF photoresist films, and organic materials, they can modify the surfaces of materials and cause process damage in these materials during plasma processing [4] [5] [6] [7] [8] [9] . It is necessary to obtain UV spectra and their absolute intensity from plasma to understand what effects photons have on surfaces during plasma processing and predict surface phenomena caused by UV radiation. VUV spectrographs can be used to monitor UV radiation [10, 11] for this purpose. However, VUV spectrographs involve such large and expensive systems that they are difficult to use with plasma tools on commercial production lines. Moreover, UV spectra obtained from spectrographs do not always correspond to UV-radiation incidents that occur on wafers due to different fields of view. We previously proposed an on-wafer monitoring technique that enabled UV photons to be monitored during plasma processing on wafers [12] [13] [14] [15] to overcome this issue with VUV spectrographs. We developed newly designed sensors for the technique of on-wafer monitoring on an 8 in. commercial production line for this study, and we established a UV spectrum prediction system, where a UV spectrum and its absolute intensity could be obtained with on-wafer monitoring sensors. We also developed this system to predict low-k dielectric damage during plasma etching [16] .
Experiment

On-wafer Monitoring Technique
Our newly designed on-wafer UV sensors were used in the technique of on-wafer monitoring. The structure of an on-wafer UV sensor is schematically illustrated in Fig. 2 .1. On-wafer UV sensors were fabricated on a commercial production line and two embedded poly-Si electrodes in dielectric films were deposited on an Si wafer. The dielectric films on the poly-Si electrodes were 150 nm thick. When an on-wafer UV sensor is irradiated with UV photons with energy that is at a shorter wavelength than the bandgap energy of the dielectric films, UV photons are absorbed in the dielectric films and generate electron-hole pairs. ''Plasma-induced current'' flows due to the electrons generated by UV radiation by applying dc voltage between the electrodes. We evaluated the UV radiation from plasma as plasma-induced current. Since the bandgap energy depends on dielectric films, we can detect different UV wavelength ranges by changing dielectric films on a sensor: SiO 2 for UV photons with energies higher than 8.8 eV (wavelengths shorter than 140 nm) and SiN for UV photons with energies higher than 5 eV (wavelengths shorter than 250 nm). In addition, we used SiN/SiO 2 films for UV photons with energies lower than 5 eV (wavelengths shorter than 250 nm). When UV photons are incident to SiN/SiO 2 , UV photons with energies higher than 5 eV (wavelengths shorter than 250 nm) can be absorbed in the SiN layer, resulting in the generation of electron-hole pairs. Since the bandgap energy of SiO 2 is higher than that of SiN, electrons cannot flow in the SiO 2 layer. This means that UV photons with energies higher than 5 eV (wavelengths shorter than 250 nm) do not contribute to plasma-induced current. Other UV photons, on the other hand, with energies lower than 5 eV (wavelengths longer than 250 nm) can penetrate through SiN/SiO 2 layers and be absorbed in the interface between SiO 2 and Si because the energy to generate electron-hole pairs at the interface between SiO 2 and Si is 3.1 eV, which corresponds to 400 nm [17] . Hence, the on-wafer UV sensor with SiN/SiO 2 can detect UV photons with wavelengths longer than 250 nm. A wide range of UV wavelengths can be covered with these three different dielectric films. Figure 2 .2 is a schematic of the measurement setup for the technique of onwafer monitoring with a plasma chamber. Inductively coupled plasma (ICP) (13.56 MHz) was used to generate high-density plasma of more than 10 11 cm -3 . The on-wafer UV sensors were located on a stage in the plasma chamber where the wafer was usually placed and irradiated with plasma. Lead wires were attached to the electrode pads and connected to an ampere meter and a dc voltage source outside the plasma chamber. We applied 20 V to allow plasma-induced currents to flow between the electrodes. Radio frequency (rf) filters were also used to eliminate rf signals from the plasma during measurements. In addition, a VUV spectrograph was installed at the bottom of the chamber through an 80 mm high and 1 mm diameter pinhole to measure the UV spectrum, and photons were detected at a photomultiplier tube. Electrodes were laterally arranged in the newly designed on-wafer UV sensors, which was different from the previously designed on-wafer UV sensors [12] [13] [14] [15] . As the previous on-wafer UV sensors measured plasma- induced currents between the surface of the sensor and an embedded poly-Si electrode through dielectric films, the currents depended on the bias power applied to the wafer ( Fig. 2.3a) . However, currents in the newly designed on-wafer UV sensors were measured between electrodes and did not depend on bias power ( Fig. 2.3b ). Therefore, our newly designed on-wafer UV sensors could be used even for etching processes with bias power. Figure 2 .4 shows the predictive system for UV spectra. We used a neural technique of network modeling to relate plasma-induced currents to UV spectra to develop the predictive system. The neural network modeling used in this system is given in Fig. 2 .5. Since it has been mathematically proven that a three-layered feed-forward neural network can approximate any functions, the network had a three-layered 3-5-35 neuron model. When plasma-induced currents obtained from three different on-wafer UV sensors were input, the total intensities at intervals of 10 nm in wavelength were output. The network was trained on several data sets of plasma-induced currents and UV intensities measured with a VUV spectrograph. Moreover, the absolute intensities of UV spectra were obtained by calibrating arbitrary units of UV intensity with a 126 nm excimer lamp.
Predictive System for UV Spectra
Predictive System for UV-Radiation Damage in Dielectric Films
We improved the predictive system using the technique of on-wafer monitoring to simulate UV-radiation damage in dielectric films during plasma etching processing. Figure 2 .6 outlines the predictive flow for UV-radiation damage in dielectric films using this technique. The on-wafer monitoring technique could provide a UV spectrum and its absolute intensity. Furthermore, UV photon trajectories directed to dielectric films were modeled by ray tracing, by taking into consideration etching structures, etching rates, and etching times. We assumed that UV photons were radiated from the edges of ion sheaths in these calculations. UV intensities absorbed in dielectric films were calculated with the absorption coefficient of dielectric films based on the UV intensities incident to dielectric films. UV-radiation damage in dielectric films during plasma etching could be modeled by defining the rates at which defects, or damage, were generated. We simulated etching damage in low-k dielectric films induced by UV radiation, based on the damage predictive system using the technique of on-wafer monitoring. Methyl groups are incorporated to reduce the dielectric constant (k) in low-k dielectric films, such as SiOC films. However, as SiOC films are vulnerable to plasma radiation, such as UV photons, radicals, and ions, SiOC films are severely damaged during plasma etching, particularly on the sidewalls of etching structures. This radiation extracts methyl groups from SiOC films, resulting in an increase in their dielectric constant. We clarified the mechanism responsible for damage to SiOC low-k films during plasma etching [5] and found that UV radiation played an important role in the mechanism, viz., UV breaks Si-C bonds in SiOC films and enhances chemical reactions in SiOC films with radicals and/or moisture. It is important to be able to predict damage in SiOC films during plasma etching processes to prevent SiOC films from being damaged and optimize etching conditions. We defined UV-induced damage in SiOC films as the breaking of Si-O and Si-C bonds in the predictions since SiOC films consist of Si-O and Si-C bonds and UV photons have enough energy to break these bonds depending on the energy/wavelength of UV photons. Chemical bonds were assumed to have been broken when UV photons had energies higher (shorter wavelengths) than the dissociation energy of bonds: 8.0 eV (150 nm) in Si-O bonds and 4.5 eV (275 nm) in Si-C bonds. The absorption coefficients of these bonds were supposed to be 10 6 cm -1 because the absorption coefficients of SiO 2 and SiC dielectric films are almost the same at the value of 10 6 cm -1 [18, 19] . We assumed that Si-O and Si-C bonds were broken by UV photons at the same rate if UV photons were above these bond dissociation energies, according to the absorption coefficients of SiO 2 and SiC dielectric films. 
Results and Discussion
UV Spectrum and Its Absolute Intensity in Plasma
We collected data sets of UV spectra and plasma-induced currents under varying conditions by changing plasma gases, ICP power, and pressure to train the neural network used to establish the relationship between plasma-induced currents and UV spectra. We measured UV spectra with the VUV spectrograph and obtained arbitrary UV intensities through the measurements. The plasma-induced currents were measured using three types of on-wafer UV sensors. Figure 2 .7 plots the neural network predictive results for UV intensities in arbitrary units, compared to the measurements. The plotted data were not used to train the neural network. These results indicate that the neural network could successfully predict UV intensities. The absolute intensity of UV spectra was obtained by calibrating arbitrary units of UV intensity measured with the VUV spectrograph. We used a 126 nm excimer lamp for this calibration, where the power density of UV light was approximately 5 mW/cm 2 at the lamp window. The lamp was installed in a chamber with the VUV spectrograph, as seen in Fig. 2.8 . The pressure of the chamber was kept at less than 1 9 10 -3 mTorr. Photon flux C k at wavelength k is described by:
where k is the conversion factor, I k is the UV intensity (arbitrary units), and t is the integrated time (0.25 s). Here, A is the irradiated area (0.0079 cm 2 ). If the conversion factor can be obtained, we can calculate the photon flux of UV light from the UV intensity. The total power density of photons, P, using Eq. (1.1), can be expressed as: where E k is the energy of a photon at a wavelength of k. The power density of UV light, on the other hand, decreased as the distance from the lamp window increased. We measured currents in the sensor, which corresponded to the power density of UV light, as a function of the distance from the lamp window by irradiating an on-wafer UV sensor with UV light from the lamp, as shown in Fig. 2 .9. We could acquire the following empirical equation from these results for the dependence of power density of UV light on distance: where P 0 is the power density of UV light at the lamp window (5 mW/cm 2 ), a is a constant (0.006), and L is the distance from the lamp window. The spectrum of the lamp measured with the VUV spectrograph is shown in Fig. 2 .10, where a peak can be observed in the wavelength of 126 nm. We obtained k * 2 9 10 9 by integrating UV intensities in the spectrum of the lamp and equating Eqs. (2.2) and (2.3) since the detector was located 230 mm from the lamp window. Using this conversion factor enabled us to calculate the absolute intensities of UV spectra. Figure 2 .11 has examples of UV spectra directly measured with the VUV spectrograph (''measurements'') and those obtained using the on-wafer monitoring technique and calibration (''prediction'') in Ar, CF 3 I, and C 4 F 8 plasmas under conditions of 1000 W of ICP power, 20 SCCM (SCCM denotes cubic centimeter per minute at STP) of mass flow, and 5 mTorr of pressure. The UV spectra with the technique of on-wafer monitoring agreed well with those measured with the VUV spectrograph. In addition, the comparison of absolute intensities of UV photons in this study and those in the previous study provided reasonably good agreement. Woodworth [11] reported that the absolute intensity of UV photons in a wavelength range from 70 to 140 nm in C 4 F 8 plasma where n e = 3.0 9 10 11 cm -3 and T e = 4 eV was 3.0 9 10 15 cm -2 s -1 based on measurements with a VUV spectrograph. However, the absolute intensity of UV photons in the same range was about 1 9 10 15 cm -2 s -1 under similar plasma conditions (C 4 F 8 plasma, n e * 3 9 10 11 cm -3 , and T e * 4 eV). This means that the technique of on-wafer monitoring could successfully provide an UV spectrum and its absolute intensity during plasma processing. 
UV-Radiation Damage in Low-k Dielectric Films
We used CF 4 plasma to predict damage from radiation. The UV spectrum and its absolute intensities in CF 4 plasma were obtained using the technique of on-wafer monitoring, as seen in Fig. 2 .12. The etching structure of SiOC films with hard masks in the trench structure was modeled, as can be shown from Fig. 2.13 . We assumed that the etching rate was 60 nm/min, the etching time was 100 s (just etching), and that the hard mask perfectly absorbed UV photons, viz., there were no transmissions or reflections from the hard mask during plasma etching. The results for predicting damage in Si-O and Si-C bonds at etching depths of 25, 50, and 100 nm are given in Fig. 2 .14. These results give us several insights into UVradiation damage in SiOC films during plasma etching. First, no great damage can be observed at the bottom of the trench structure, compared to its sidewalls. This is because the damaged layers at the bottom were removed during plasma etching. Second, the damaged layer in Si-C bonds was much larger than that in Si-O bonds. This means that most of the damage during the etching of SiOC films with CF 4 plasma was not induced in Si-O bonds, but in Si-C bonds because the Si-C bonds were sensitive to a wider range of UV radiation than Si-O bonds. In addition, the UV spectra in the plasmas were the keys to the cause of damage in SiOC films. There is a smaller number of photons in wavelength ranges of less than 150 nm according to the UV spectrum in CF 4 plasma, compared to ranges of less than 275 nm, which can also explain the difference in damage between Si-O and Si-C bonds. Finally, it was apparent that the damage layer increased as etching progressed but damage was not found underneath the hard mask. This indicated that UV radiation was shaded by the hard mask. In other words, UVradiation damage in SiOC films strongly depended on the geometry of the etching structure. The etching damage profile in SiOC films during CF 4 plasma was experimentally investigated by Iba [20] . The etching damage profile was close to the damaged layer in Si-C bonds. This means that UV photons mainly affected the side-wall surface of SiOC films during plasma etching and induced damage by breaking the bonds and enhanced chemical reactions with radicals and/or moisture. If damage was only caused by radicals, it would have been observed even underneath the hard mask because radicals move isotropically and collide with other particles. It was difficult to induce deep damage into sidewalls near the hard mask by ion bombardment because ions were accelerated by rf bias applied to the wafers. Therefore, the results from prediction clarified that UV spectra and their absolute intensities were important in the formation of damage since damage in SiOC films strongly depends on UV spectra and their absolute intensities.
Conclusions
UV spectra and their absolute intensities during plasma processing were predicted with our technique of on-wafer monitoring. We established a neural network to relate plasma-induced currents obtained with this on-wafer monitoring and UV intensities measured with a VUV spectrograph. We also calculated the absolute intensities of UV photons by calibrating arbitrary units of UV intensity with a 126 nm excimer lamp. UV spectra could be successfully predicted, and their absolute intensities predicted with our on-wafer monitoring were consistent with those measured with a VUV spectrograph in a previous report. Moreover, we improved the predictive system with on-wafer monitoring to simulate damage in SiOC low-k films during CF 4 plasma etching. The predicted damage profiles of SiOC films were similar to the experimentally obtained damage profiles. We found from these results of prediction that UV radiation damages the Si-C bonds of SiOC films during plasma etching. In addition, our results indicated that UVradiation damage in SiOC films strongly depended on the geometry of the etching structures. On-wafer monitoring should be useful in understanding the interaction of UV radiation with surfaces and in optimizing plasma processing by controlling the effects of UV radiation.
Prediction of Abnormal Etching Profiles in High-Aspect-Ratio Via/Hole Etching Using On-wafer Monitoring System
Abstract For the prediction of abnormal etching profiles, an ion trajectory prediction system has recently been developed. In this system, sheath modeling was combined with the on-wafer monitoring technique for accurate prediction. This system revealed that sidewall conductivity strongly affects the charge accumulation and ion trajectory in high-aspect-ratio holes. It was also found that the accumulated charge in adjacent holes is one of the reasons for the generation of twisting profiles according to analysis using the system. We presume that the prediction system is an effective tool for developing nanoscale fabrication.
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Introduction
Ultra-large-scale integrated circuit (ULSI) devices have many high-aspect ratio structures, such as shallow trench isolation (STI) structures, cylinder capacitors, and through-silicon vias (TSVs). These structures are fabricated with plasma etching processes. However, the generation of abnormal profiles, such as bowing, etch stops, and twisting, has been reported in high-aspect-ratio hole etching ( Fig. 3.1) . Twisting, in particular, is one of the severest problems in nanoscale device fabrication. Some researchers have pointed out that abnormal profiles such as those of twisting are caused by the distortion of ion trajectories [1, 2] . This distortion of ion trajectories is considered to result from the bias of charge accumulation in holes. There is an ion sheath in front of the wafer in plasma etching due to the energy difference between ions and electrons. Ions are accelerated into holes by the ion sheath, while electrons cannot enter the holes due to their isotropic velocity distribution. This is the so-called ''electron shading effect'' [3] . The bottom of contact holes is positively charged, which significantly affects ion trajectories. We have to observe and precisely control charge accumulation on wafer surfaces to avoid ion trajectory distortion and twisting profiles. Some researchers have investigated ion trajectory predictions [4] [5] [6] [7] [8] [9] [10] [11] [12] . The plasma structure and sheath area have been simulated to determine potential in most of their investigations. However, there have been several problems with such predictions. One of the most serious has been the difference between actual and simulation values. Outside conditions, such as pressure, source and bias powers, and gas species, have been used for the boundary conditions [4, 5] in some simulations. However, since the actual surface conditions may change for various reasons, the results from simulation do not correspond to the actual ones. The ion/ electron flux and energy have been given by the authors [6] [7] [8] [9] [10] [11] [12] in other simulations. The results in these cases do not match the actual results. We have already developed and reported a technique of on-wafer monitoring to directly obtain information on the wafer surface. We found out what the electron temperature, electron density, ion energy, and sidewall resistance of holes [13] [14] [15] [16] [17] were. An electron temperature and density sensor revealed a lower electron density and a higher electron temperature at the bottom of contact holes due to the electron shading effect than those in bulk plasma [13] . The charge-up sensor revealed that the electron shading effect could be clearly observed as the potential difference between the wafer surface and the bottom of contact holes [14, 15] . It was also revealed that a sidewall-deposited fluorocarbon film even in high-aspect-ratio contact holes has high electric conductivity, which may mitigate electric charge accumulating at the bottom of contact holes during SiO 2 etching processes [16, 17] . We developed a new ion-trajectory prediction system in high-aspect-ratio holes in this study by combining the technique of on-wafer monitoring and sheath
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Electron shading e - Fig. 3 .1 Bowing, stopped etching, and twisting in high-aspect ratio holes modeling to explain and predict twisting phenomena. The accuracy of simulation was increased by using the data from on-wafer monitoring sensors as the boundary conditions. We tried to predict the potential difference between the surface and the bottoms of holes in etching them with an aspect ratio of 15 and confirmed that the simulation data corresponded to the measured data. The distortion of ion trajectories in the generation of twisting profiles was predicted after the validity of the simulations was tested and proved [18] .
Experimental and Simulation Models
We considered the etching of holes with a diameter of 100 nm in this study. Figure 3 .2 shows the simulation sequence where on-wafer sensors provided the electron temperature, electron density, surface potential, and sidewall resistance. The ion/electron motion and field potential near the wafer surface were calculated self-consistently by using these data as boundary conditions. The ion trajectory could easily be calculated when the field potential was known. Figure 3 .3 shows the on-wafer sensors we used in this study. An on-wafer monitor was placed at the bottom of the plasma reactor during the experiment. The signals were passed outside the chamber with a lead wire. The noise from the plasma was reduced using a voltage/current measurement system with an RF filter. Figure 3 .3a shows the on-wafer probe we developed to measure the electron temperature and electron density [13] . The on-wafer probe for electron energy was a stacked structure of Al 2 O 3 (280 nm thick) and aluminum films. The Al 2 O 3 film was fabricated by anodically oxidizing aluminum. The diameter of the patterned holes was 500 nm. There were 4,800,000 holes in the monitoring device. The exposed area was 0.0942 cm 2 . Figure 3 .3b shows the charge-up sensor [15] . Two polycrystalline silicon electrodes were separated by a 1.2-mm-thick SiO 2 film. The bottom poly-Si electrode under the SiO 2 layer was 300 nm thick. The diameter of the patterned contact holes was 100 nm and there were 150,000,000 contact holes in the monitoring device. The surface and hole-bottom potentials were directly measured with the sensor. In addition, the sidewall resistance was also measured by measuring the resistance between the top and bottom electrodes in this sensor. Figure 3 .4a shows the simulation model used in this work, which corresponds to the structure of the charge-up sensor. We considered etching a hole with a diameter of 100 nm. We monitored ion and electron motions under a field potential in these calculations. where M e is the electron mass, M p is the ion mass, and r is the position vector. Here, t is the time, e is the elementary charge, and E is the electric field. The u is the field potential, n p is the ion density, and n e is the electron density. The e 0 is the permittivity of free space and e r is the relative permittivity. The ions and electrons were emitted 1.5 mm apart from the wafer and entered the wafer. The surface charge increased as ions were injected or decreased electrons were injected. The motions of ions and electrons were affected by the field Fig. 3.3 a Electron temperature/density monitoring sensor and b charge-up sensor 22 3 Prediction of Abnormal Etching Profiles potential generated by the accumulated charge. The calculations were repeated until the field potential demonstrated no change. The ion/electron motions and field potential were solved self-consistently according to this sequence. The surface charge accumulation has been treated in Fig. 3 .4b. The accumulated charge decreased with the sidewall current, followed by sidewall resistance. Then, the equation is:
where q is the accumulated charge, C p is the ion flux, and C e is the electron flux. Here, V 1 is the potential during the injection of electrons and ions and V 0 and V 2 are the potentials of adjacent cells. resistance when the effect of sidewall resistance was observed. In all cases, positive charges due to electron shading were observed. However, the charge-up potential, which is defined as the potential difference between the surface and the bottom of the hole, drastically decreased with decreasing sidewall resistance. This indicates that the sidewall current reduced the positive charge at the bottom of the hole. In addition, the ion trajectories were distorted by the varying field potentials. Thus, we have to carefully determine field potential to precisely predict the ion trajectories.
Results and Discussion
Ion-Trajectory Prediction
We compared the simulated charge-up potentials with those from the experiments to test and prove the validity of the system. Figure 3 .7a shows the calculated and measured charge-up potentials (the potential difference between the top and bottom of the hole) as a function of sidewall resistance. The charge-up potential drastically decreased with decreasing sidewall resistance in both cases. The simulated charge-up potential was almost the same value as the one that was measured. This indicates that the experimental data can be predicted with this system, proving the validity of this method. Figure 3 .7b shows the mechanism for charge reduction at low sidewall resistance. Electrons accumulate at the surface due to the energy difference between electrons and ions regardless of sidewall resistance. Electrons cannot enter the hole at that time because of electron shading. Charge separation is not solved at a high sidewall resistance because there is no transport of charges. However, electrons can move from the wafer surface to the bottom of the hole at low sidewall resistance, which causes reduced positive charge at the bottom of the hole. As a result, we found that sidewall resistance played an important role in determining field potential and ion trajectories.
Twisting Predictions
Some researchers have pointed out that twisting profiles are caused by the bias of charge accumulation due to malformed resists and deposited films [1, 2, [19] [20] [21] [22] . However, the precise mechanisms for the generation of twisting profiles remain unknown. Figure 3 .8a has an example of twisting profiles observed in our laboratory [inductively coupled plasma (ICP) etcher, Ar:C 4 F 8 = 9:1, total flux: 30 sccm, pressure: 30 mTorr, ICP power: 1 kW (13.56 MHz), and bias power: 100 W (1 MHz)]. This was a dense hole pattern where the sizes of the holes were 100 nm and their spaces were 100 nm. However, the actual sizes of the holes and spaces changed as the resists deformed. We can see that the hole profiles are distorted from the scanning electron microscopy (SEM) image. We can also observe that the distortion in holes increased as the pattern spaces decreased. Figure 3 .8b shows the relationship between pattern spaces and the taper angles of holes in Fig. 3 .8a. Pattern space was defined as the pattern space on the SiO 2 surface because the resist was deformed. The taper angle was defined as the taper angle on the right and at the bottom of a hole located on the left of the measured space. This was because the SEM image was clear. The taper angle decreased with 24 3 Prediction of Abnormal Etching Profiles decreasing pattern space. Although charge accumulation was thought to be one of the reasons for the twisting profiles to generate, the effect of pattern space has not yet been discussed. Then, we attempted to predict the ion trajectory for generating twisting profiles using the scheme to predict ion trajectories we developed, which could predict charge accumulation and ion trajectories in isolated holes (Fig. 3.7a) . The results from on-wafer monitoring in the plasma shown in Fig. 3 .8a are as follows: surface potential: -35 V, electron temperature: 4.0 eV, electron density: 5 9 10 9 cm -3 , and sidewall resistance: 3 9 10 15 X. Figure 3 .9 shows a simulation model that has two holes. Actually, the effect of accumulated charges in adjacent holes on the ion trajectory is very complicated because there are many holes and resist deformation cannot be predicted. The ion trajectory in this study was predicted using minimum units, i.e., two holes, to observe what effect the accumulated charges in the most adjacent hole had on the ion trajectory when the pattern space decreased due to the resist deforming. Fig. 3 .11 to clarify the difference between the results. This figure clearly indicates that the ion trajectory was distorted in a small pattern space. The simulated taper angle in a pattern space of 40 nm was almost the same as the experimental taper angle (Fig. 3.8b, *88°) . measured with on-wafer sensors were also used (surface potential: -35 V, electron temperature: 4.0 eV, electron density: 5 9 10 9 cm -3 , and sidewall resistance: 3 9 10 15 X). The ion trajectory at an aspect ratio of six went almost straight to the bottoms of the holes. However, the ion trajectory was distorted at high aspect ratios. Figure 3 .13 summarizes the incident angles as a function of aspect ratios. The ion trajectory was distorted at higher aspect ratios. Figure 3 .14 shows the mechanism responsible for distorting ion trajectories in this study. Positive charges were accumulated regardless of pattern space. However, the ion trajectories were not only affected by the positive charges of the bottoms of holes but also by the positive charges of adjacent bottoms of holes. As pattern space decreased due to the resists deforming, it is possible that the positive charges that accumulated in adjacent holes affected the ion trajectories. It should be noted that these predictions in Figs. 3.10, 3.11, 3 .12, 3.13 do not precisely correspond to the actual distortion of ion trajectories because ion trajectories change with reflections in the shoulders of resists, changes in sidewall resistance, the effects of numerous holes, and other factors [19] . However, pattern space is considered to be one of the main reasons for the generation of twisting profiles, according to these predictions. 
Conclusions
An ion-trajectory predictive system for use in high-aspect-ratio hole etching was developed by combining the technique of on-wafer monitoring and sheath modeling. This system revealed that sidewall conductivity strongly affects charge-up and ion trajectories in high-aspect-ratio holes. It was also revealed that the decrease in pattern space is one of the reasons for the generation of twisting profiles. This predictive system is an effective tool for developing nanoscale fabrication processes. Abstract Etching profile anomalies occur around large-scale 3-dimensional (3D) structures due to distortion in the ion sheath and ion trajectories. To solve this problem, a system to predict such etching anomalies was developed by combining on-wafer sheath shaped sensor and simulations based on a neural network and a database. The sensor could measure the sheath voltage and saturation ion current density and sheath thickness can be calculated from them. A database was built by using the results from sensor measurements and etching experiments with samples with large vertical steps, which enables prediction of etching shape anomalies from measured parameters. Finally, the system could predict etching shape anomalies around large vertical steps.
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Introduction
Precise plasma processes are critical in the fabrication of ULSI and MEMS devices. However, plasma induces damage in devices due to the irradiation of high energy ultraviolet (UV) photons [1, 2] and charged particles [3, 4] . As seen in Fig. 4 .1, high energy UV photons from plasma chemical bonds generate defects and degrade the performance of devices. Charged particles cause charge-up damage and anomalies in etching shapes.
We have been developing a system of on-wafer monitoring to solve these problems by combining the results from measurements and simulations [5, 6] . The most remarkable feature of this system is that the sensors to measure plasma irradiation damage can be fabricated using standard microfabrication technology on silicon wafers. The measurements are carried out on the sample stage position of the plasma chamber. Real-time measurements can be accomplished in combination with measurement circuits. Measured data are stored in memory in the circuit, and then the measured data can be transferred to a PC through infra-red communication after the sensor and the circuit are unloaded. It is therefore possible to predict damage distributions and etching profiles by combining the results from measurements and simulations [7, 8] .
Some MEMS devices have larger scaled 3D structures comparable to the ion sheath thickness on the surface in plasma processing. Because the sheath shape is distorted in such cases due to the MEMS structure, ion trajectories are distorted to the surface and this causes the anomalies in etched shapes shown in Fig. 4 .2. We developed a system of on-wafer monitoring to measure ion sheath conditions and predict anomalies in etching shapes to solve this problem.
Experimental
Anomalies in etching profiles can be predicted by combining the results from sheath measurements and simulations. Etching profiles are mainly ruled by ion trajectories in ion-assisted etching and the trajectories are determined from the sheath electric field. Therefore, we developed a sensor to measure the thickness and voltage of the ion sheath. Figure 4 .3 shows the structure of the on-wafer sheath shaped sensor we developed. It has a numerous small electrodes to measure The relationship between sheath conditions and etching profiles was investigated with the sensor. Anomalies in etching shapes were investigated by silicon etching using chlorine inductively coupled plasma. Samples with vertical steps and trench patterns were used in the experiment as 3D structured samples, as shown in Fig. 4 .2. Ion sheath conditions were measured under the same plasma conditions as those in the etching experiment. As a result, a database of the relationships between ion sheath conditions, 3D step heights, and etching anomalies was constructed.
The system to predict etching profiles was developed based on a neural network. The database was used to learn the neural network. Figure 4 .4 shows the results obtained from measurements with the on-wafer sheath shaped sensor. We found that the sheath thickness and voltage could successfully be measured using the newly developed sensor. Figure 4 .5 has SEM images of 3D samples after chlorine plasma etching. The sidewall of the etching profile was found to be distorted and the distortion was more significant near the vertical step. The closer the distance from the step, the larger the distortion angle. This indicates that distortion was due to distortion in the ion sheath around the vertical step. Figure 4 .6 shows an example of prediction of the etching profile. We found that distortion in the etching profile around the vertical step could successfully be predicted by the predictive system developed by combining the on-wafer sheath shaped sensor and neural network. 
Results and Discussion
Conclusions
Etching profile anomalies occur around large-scale 3D structures due to distortion in the ion sheath and ion trajectories. A system to predict such etching anomalies was developed by combining the results from an on-wafer sheath shaped sensor and simulations based on a neural network and a database. The sensor could measure the sheath's voltage and thickness. The database was built by using the results from sensor measurements and an etching experiment with samples with large vertical steps. Finally, the system could predict etching shape anomalies around large vertical steps. 
